In a previous paper (George & Irvine, 1954a) we concluded that there are two kinds of structure for the higher oxidation state of metmyoglobin (MetMb) which could explain the experimental observations. One is a radical structure formed by hydrogen atom removal from a methine carbon atom, a pyrrolic carbon atom or some other atom within the conjugated network of porphyrin ring and haemoprotein linkage; the other is a derivative of quadrivalent iron of the ferryl ion type, FeO2+.
In a previous paper (George & Irvine, 1954a) we concluded that there are two kinds of structure for the higher oxidation state of metmyoglobin (MetMb) which could explain the experimental observations. One is a radical structure formed by hydrogen atom removal from a methine carbon atom, a pyrrolic carbon atom or some other atom within the conjugated network of porphyrin ring and haemoprotein linkage; the other is a derivative of quadrivalent iron of the ferryl ion type, FeO2+. Further experiments have been undertaken to enable a choice to be made between these two structures, and the results ofthese are described and discussed below. The experiments fall into two sections. In the first, the hydrogen-ion changes accompanying the formation ofthe higher oxidation state in unbuffered solutions were measured, while in the second, the equilibrium constant for the reaction between MetMb and K2IrCl was determined under varying conditions ofpH, temperature and ionic strength. The results of both classes of experiments are most simply interpreted on the basis of the ferryl ion structure.
A brief account of the pH measurements has already been published (George & Irvine, 1954 b) .
MATERIALS AND METHODS Pota88ium chloroiridate. This was the same as that used previously (George & Irvine, 1954a) . Spectrophotometric and potentiometric titrations with K4Fe(CN)6 showed the sample to be 99% pure. The titrations were carried out in acid solution using glass-distilled HCl, and the solutions were made up with water distilled from dil. KMnO4. In this way reduction of the E,IrC0 by trace reducing matter was prevented. In the experiments using unbuffered solutions, the EKIrCl was made up in C02-free water as described below, and used immediately to minimize any effect resulting from its hydrolysis. In the equilibrium experiments K2IrCl was made up in dilute glass-distilled HC1 ( 10-4M) to prevent hydrolysis, although, as was shown previously (George & Irvine, 1954a) if hydrolysis occurs to any extent, its effect is almost negligible. The strength and volumes of the buffer solutions used were such that their pH values were not affected by the acid in the K2IrCl4 solution. Buffer solution8. In the experiments with K2IrCls, phosphate buffers (NaOH +NaH,P04) were used, the ionic strengths being adjusted to the value required by the addition ofAR NaCl. The pH ofeach solution was measured using a Cambridge pH meter calibrated with 0-05m potassium hydrogen phthalate buffer. Metmyoglobin. MetMb was prepared and standardized as in previous papers (George & Irvine, 1952 , 1953a Measurement of pH in unbuffered solutions. The measurements were made with a Cambridge pH-meter using a glass electrode and the usual calomel reference electrode. The instrument was calibrated with 0-05SM borax solution made up in C02-free-distilled water (pH=9-25 at t=20°).
Solutions of NaOH, H1202, and K2IrCl6 used in these experiments were also made up in CO2 free water, and CO2 was removed from MetMb solutions by evacuating for about 10 min. with a water pump.
In order to prevent errors during measurement due to absorption of CO2 by the solutions, the following experimental procedure was adopted. The solution of MetMb was placed in a glass cell sealed with a Perspex cover into which were fitted the two electrodes. A steady flow of nitrogen was maintained over the surface of the liquid by means of a side arm in the cell. A Perspex screw with a small hole, fitted in the cell cover, provided an outlet for the nitrogen and, when unscrewed, enabled liquid to be pipetted into the cell.
An acid-base titration curve of MetMb, which had been thoroughly dialysed to free it from traces of salt and evacuated as described above, was obtained by measuring the pH after adding varying amounts of NaOH. 40 ml. of 104M or 5-0 x 10-5m MetMb were used and successive small amounts of 4 x 10-'m-NaOH added, thus ensuring that the final volume of alkali added was small enough for changes of MetMb concentration during the titration to be negligible. Changes ofpH accompanying the formation and reduction of the higher oxidation state of MetMb were then measured using a series of fresh solutions and the corresponding changes of combined H+ were read off from the titration curve. Where the reaction took a finite time, the pH changes were followed until a steady value was obtained.
RESULTS
Hydrogen-ion changes accompanying the formation and reduction of the higher oxidation state of MetMb Typical results from which the acid-base titration curve of MetMb was constructed are given in Table 1 . The corresponding curve was found to be approximately linear between pH 5-0 and 8-0. Above this pH, the ratio of alkali added to pH change produced is not constant but increases as the pH increases, which is in accord with the high lysine content of MetMb (Tristram, 1949) increasing the buffering capacity in this region.
Measurements of pH changes accompanying the formation of the higher oxidation state with H202 and K2IrCl* were carried out, in each case using a concentration of reagent just sufficient to give complete formation of the higher oxidation state. The pH remained steady for at least 5 min. after the higher oxidation state had been formed by hydrogen peroxide, and this final pH was unaffected by the addition of more peroxide. When K,1rC0 was used, a small change in pH was noticed iffurther additions [H+] change The reaction between metmyoglobin and KWIrCl In an earlier paper (George & Irvine, 1954a) (George & Hanania, 1954a) . The participation of this haemlinked ionization must be taken account of in the MetMb-K2IrCl6 reaction, and to do this the equations developed in the studies on complex formation may be used. Taking pK, = 6-1 at 200 and I = 0-04 as determined from the reaction of MetMb with fluoride (George & Hanania, 1954b) , the function on the right-hand side of Eqn. 3 can be evaluated and plotted against [H+] . Fig. 1 The speed of the reaction. In previous experiments (George & Irvine, 1953 b) , which were largely carried out in solutions of pH between 8 and 9, it was noted that the oxidation of MetMb by K,IrCI is extremely rapid, with a bimolecular velocity constant greater than 10r l.mole-1 sec.-'. In the present experiments using more acidic solutions (e.g. with pH below 7) it was observed that equilibrium was not attained 'instantaneously', but took about 10-20 sec. This suggests that the species of metmyoglobin involved in the rate-determining step is not its acidic form, but the alkaline form, in which a proton has ionized from the water molecule co-ordinated to the iron atom. The pK for this ionization is about 9 (Theorell & Ehrenberg, 1951; George & Hanania, 1952) , and so at pH 7-0, 1 % of the metmyoglobin would be present in the alkaline form. Thus, provided that the velocity constant was actually between 105 and 106 l.mole-1 sec. Table 2a are in fair agreement with these expectations, provided that under these conditions the HO radical formed in reaction 4 is used up in reactions which entail no production or disappearance of H+.
If, however, a powerful reducing agent like the ferrocyanide ion is present initially, preferential reaction with the HO radical would be expected yielding OHFe(CN),4-+ HO -+ Fe(CN),3-+ OH-, and, depending upon the extent to which this reaction occurred, the combination of the OH-with H+ produced in reaction 4 would lead to less H+ being produced per mole of MetMb oxidized. The results in Table 2 b are in accord with this. The very small consumption of H+ under these conditions could be due to reduction of the higher oxidation state by ferrocyanide occurring to a slight extent in addition to the other reactions, for, as the results in 600 I955 METMYOGLOBIN (Theorell, 1934; Taylor & Morgan, 1942) . Calculations from the data for these reactions, and from more recent data on the formation of the fluoride and cyanide complexes of MetMb, show the group to have a pK of about 6-1 in MetMb (Theorell & Ehrenberg, 1951; George & Hanania, 1954b Fe,+H20 + IrCl42-Fep+OH + IrCl63-+ HI.
Thus, while there is no exact correlation in the case of the pH measurements, the results as a whole are entirely consistent with the ferryl ion structure. However, it is only the simplest structure that will account for the results. They can be explained equally well on the basis of a radical structure, but this requires the additional assumption that there is yet another ionizing group in myoglobin which participates in the reactions in a certain way. To illustrate this, acidic MetMb will be represented by the symbol HC-Fe,+(H20), and the radical structure by C-Fe +(H20). Oxidation by peroxide can then be represented by reaction 8.
HC-Fep+(H20)+H202 -> C-Fep+(H20) + HO + H20. (8) No liberation of HI occurs in this reaction which is otherwise analogous to reaction 4. But if there is an ionization of a group, say H+Z, in the radical structure, whose pK is such that it is necessarily in its conjugate base form in the higher oxidation state, but in its conjugate acid form in MetMb (over the pH range of the present experiments), then the formation of the radical structure by peroxide would proceed according to reaction 9, HC >Fep+(H20)+H202 H+Z 'CFe+( >Fep+(H20) + HO + H20 + HI. (9) z 1 mole of HI is now liberated/mole of MetMb oxidized, exactly as in reaction 4 for the ferryl ion structure. The structure for the higher oxidation state in reaction 9 can be seen to be an isomer of the ferryl ion structure, and any other isomer would likewise fit the results with regard to hydrogen ion.
However, we could find no spectroscopic evidence over the pH range 5-7 for the presence of an ionization associated with the higher oxidation state which these isomeric structures appear to necessitate. In more acidic solutions the rapid reduction back to MetMb, which occurs spontaneously, made it impossible to tell whether there is such a group with pK< 5. But, although it is possible that an ionization of this kind could occur without any detectable change in spectrum (as in the case with certain haem-linked ionizations ; George & Hanania, 1952 , there are two lines of evidence which positively favour the ferryl ion structure. First, kinetic measurements, which will be presented in a later publication, indicate that the site ofoxidation 601 Vol. 60 is the iron atom; and secondly, the fact that the higher oxidation state does not apparently form its own series of complexes, although such complexes would have been expected to exist had the iron atom still been in the ferric oxidation state.
Additional support for the ferryl ion structure is provided by the variation -of Kobs with ionic strength. As shown in Fig. 3 , the slope of log Kob.
plotted against /I is + 2-0, which is in agreement with a change in charge from + 1 on MetMb to zero on the higher oxidation state, like that obtained for the formation of metmyoglobin-fluoride (George & Hanania, 1954b), viz. Fep+(H2O) + F 1FepF + H20 Fep+(H2O) + IrCl P FepO + IrC13-+ 2H+ charge, + 1 zero charge There is, however, one special case of the radical structure in reaction 9 which would lead to this same result, namely identifying the group H+Z with the iron atom and its co-ordinated water molecule, i.e.
HC-Fep+(H,O)+H202
charge, + 1 C-FepOH + HO + H2O + H+ (10) zero charge Furthermore, the inability of the higher oxidation state to form its own complexes could be attributed to the OH group in this structure being strongly bound. On the other hand, this structure is not in accord with the kinetic evidence showing that the site of oxidation is the iron atom itself. And another reason for preferring the ferryl ion structure, although it is purely qualitative, is that many free radicals readily combine with molecular oxygen resulting in irreversible oxidation with the formation of carbonyl and hydroxyl groups, and often, in addition, in degradation of the molecule through simple bond breaking or ring fission (George &. Walsh, 1946) . The observation that the higher oxidation state of MetMb is unaffected by oxygen (George & Irvine, 1954a, c) FepO/Fep+(HsO) couple can now be calculated. The results are plotted in Fig. 4 . This curve is somewhat different from that published previously (George & Irvine, 1954a) for the following reasons: first, in constructing the previous curve, Eo at pH 6-82 was calculated using the value Eo= 1-017v obtained by Dwyer, McKenzie & Nyholm (1944) contribution made by the ionization of the haemlinked group over the pH range 6-5-8-0 has now been taken into account; thirdly, the method used previously for fixing the portion of the curve above pH 8-0 by means of pH thresholds of oxidation of MetMb or reduction of the higher state was not precise, since it did not allow for the relative concentrations of the reactants. In Fig. 4 (Latimer, 1952) . This suggests that desolvation effects predominate in the formation of these inorganic complexes and that there are compensating changeswithintheconf6gurationofthevarious complexes so that the S°values are approximately the same in spite of their different structures, e.g. FeOH2+, FeF2+, FeCNS2+, etc. In the case of the metmyoglobin complexes the differences between the ;' values are again approximately constant but the values are much smaller which suggests that desolvation is a far less important factor. In charge type ferrylmyoglobin is identical with the hydroxyl, fluoride and cyanide complexes, and its magnetic susceptibility indicates covalent bond formation as in the cyanide complex (Theorell & Ehrenberg, 1952) . The difference in S°of + 6-7 e.u., evaluated on the assumption that the higher oxidation state has the ferryl ion structure, is very close to the value of + 4-2 e.u. for the cyanide complex, and not very different from the values for the fluoride and hydroxyl complexes in which the bonding is predominantly ionic.
Although this agreement may be fortuitous, it can be concluded on the basis of the thermodynamic data at present available that the magnitude of the difference between the partial molal entropies of metmyoglobin and its higher oxidation state is quite consistent with the higher oxidation state possessing the ferryl ion structure. Table 6 , together with values for several complexes of the ferric ion (George & Hanania, 1952 and unpublished results; Betts & Dainton, 1953; Uri, 1952) .
For the inorganic complexes the differences in S°v alues are large and positive, which is in accord with expectation since the more highly charged ion has the water molecules of solvation more tightly bound around it. These differences are in fact approximately the same as the difference between S0 for ferrous and ferric ion, i.e.
-27-1-(-70-1) = + 43-0 e.u. SUMMARY 1. In unbuffered solutions, measurements have been made of the pH changes which accompany the formation and the reduction of the higher oxidation state of metmyoglobin. For each mole of MetMb oxidized by H202 in the pH region 7-5 to 9-0, between 0.5 and 1 0 mole of H+ is produced. In the formation of the higher oxidation state by K2IrCl. about 2 moles of H+ are produced in acid solution, and about 1 mole in alkaline/mole of MetMb. The reduction ofthe higher oxidation state by K4Fe(CN)6 yields slightly more than 2 but less than 3 moles of H+.
2. The equilibrium constant (K0b, ) more acidic solutions, with pH < 7 0, a few seconds elapsed before equilibrium was attained. Taking into account the ionization of the haem-linked group on MetMb and the higher oxidation state, the variation of Kb,. with pH is shown to confirm the conclusion that 2 moles of H+ are liberated/mole of acidic MetMb. Using 6-1 for the pK of the group in MetMb as established in other studies, the results give a pK of 75 for the group in the higher oxidation state at 200 and I = 0 04.
3. The variation of KRb, with temperature gives AHO = 10-0 ± 2*0 kcal./g.mol.: if the ionization of the haem-linked group is allowed for, the value 9*0 ± 1.0 kcal./g.mol. is obtained.
4. The dependence of Kob. on ionic strength is in accord with a change in charge from + 1 on MetMb to zero on the higher oxidation state. 5. The results are shown to favour the ferryl ion structure, or an isomer of this structure, for the higher oxidation state. The isomeric structures would, in general, require the presence of another ionizing group in myoglobin, but no evidence for such an ionization could be found. With other direct evidence favouring the ferryl ion structure this is to be preferred, and the higher oxidation state may provisionally be named ferrylmyoglobin.
